Brain areas each generate specific neuron subtypes during development. However, underlying regional variations in neurogenesis strategies and regulatory mechanisms remain poorly understood. In Drosophila, neurons in four optic lobe ganglia originate from two neuroepithelia, the outer (OPC) and inner (IPC) proliferation centers. Using genetic manipulations, we found that one IPC neuroepithelial domain progressively transformed into migratory progenitors that matured into neural stem cells (neuroblasts) in a second domain. Progenitors emerged by an epithelial-mesenchymal transition-like mechanism that required the Snail-family member Escargot and, in subdomains, Decapentaplegic signaling. The proneural factors Lethal of scute and Asense differentially controlled progenitor supply and maturation into neuroblasts. These switched expression from Asense to a third proneural protein, Atonal. Dichaete and Tailless mediated this transition, which was essential for generating two neuron populations at defined positions. We propose that this neurogenesis mode is central for setting up a new proliferative zone to facilitate spatio-temporal matching of neurogenesis and connectivity across ganglia. npg
a r t I C l e S Brains in vertebrates and invertebrates are organized into inter connected functionally distinct areas, each consisting of different neu ron subtypes. During development, these are generated by neural stem cells (NSCs) that are specified by regional patterning mechanisms. Differences in neurogenesis strategies may further contribute to shap ing different brain areas 1 . However, despite their potential importance in diversifying brain circuitries, our understanding of regionspecific neurogenesis modes and the molecules that regulate them is limited.
In the mammalian cerebral cortex, neuroepithelial cells in the ventricular zone give rise to NSCs (radial glia), which divide asym metrically to selfrenew and produce neurons and then glia either directly or via intermediate progenitors 2, 3 . Analogously in the CNS of Drosophila melanogaster, neuroepithelial cells generate NSC equiva lents, neuroblasts, by delamination or conversion 3, 4 . Commonly, neu roblasts follow a type I proliferation pattern, undergoing asymmetric divisions to generate another selfrenewing neuroblast and a ganglion mother cell (GMC). The latter in turn divides once to produce two neurons or neurons and glia. In the vertebrate brain, neuron popula tions often extensively migrate to new areas that are distinct from the regions in which they are born 5 . Little evidence for such migration exists in the fly CNS. However, a previous study found cell streams linking two domains in one of the proliferative areas in the visual system, the inner proliferation center, suggesting that migration could be a central feature in this brain region 6 .
The Drosophila optic lobe consists of four ganglia, the lamina, medulla, lobula plate and lobula. The lamina and medulla receive sensory input from photoreceptor cells (R cells). All ganglia are innervated by distinct target neuron subtypes 7 (Fig. 1a) . In the cen tral brain and ventral nerve cord, most neuroblasts become quiescent at the end of embryogenesis and are reactivated during postembry onic development. In contrast, in the larval optic lobe, persisting neuroepithelia form the OPC and IPC 3, 6 . They are derived from the embryonic optic lobe placode, which invaginates from the procephalic ectoderm and attaches to the brain hemispheres 8 . During larval development, the OPC initially expands by symmetric divisions 9 . Neuroepithelial cells at the medial edge gradually convert into neurob lasts in a proneural wave, whose progression is controlled by at least four signaling pathways [10] [11] [12] . Neuroblasts generate GMCs and eventually medulla neurons (Fig. 1b) . A cascade of specific temporal identity transcription factors drives subtype diversification 13, 14 . In contrast, neuroepithelial cells at the lateral edge generate lamina precursor cells (LPCs). Their proliferation and the differentiation of lamina neurons depend on anterograde R cell axon-derived signals 15, 16 .
The IPC produces three populations: first, a larval neuron population known as the distal cells, whose neurites in the adult extend into either the medulla and lobula or the medulla and lamina; second, lobula plate neu rons, whose neurites connect the lobula plate with the medulla or lobula; and third, lobula neurons 6, 17, 18 . Distal cells and lobula plate neurons include C2 and C3 and the motiondetecting T4 and T5 neurons, respectively 19, 20 . Phylogenetic studies in crustaceans and insects have proposed that, in the ancestral visual system, neurons innervating the lamina and lobula plate originate from two proliferation zones, which are homologous to the OPC and IPC. Subsequently, in higher arthropod species, their duplication resulted in the formation of two new ganglia, the medulla and lobula 21, 22 . However, how neurons are generated in the IPC compared with the OPC in the expanded insect visual circuit remains poorly understood.
Using molecular markers and genetic manipulations, we found that the IPC domain dedicated to generating distal cells and lobula plate neurons produced offspring in a previously unrecognized neuro genesis mode. Progenitors emerged from the IPC neuroepithelium in a mechanism resembling epithelialmesenchymal transition (EMT) and migrated in cell streams to a second domain, where they acquired a r t I C l e S NSC properties. Proneural basic helixloophelix (bHLH) proteins controlled the supply rate and maturation of progenitors into neu roblasts, whereas crossregulatory interactions of two other transcrip tional regulators, acting as switching factors, were essential for the generation of the two neuron populations.
RESULTS
Two IPC domains are connected by extensive cell streams To gain insights into IPC development, we costained postembryonic optic lobes with escargot (esg) MH766 -Gal4, an enhancer trap insertion that we identified that drives expression of membranebound green fluorescent protein (GFP) in the OPC, a subset of IPC neuroepithe lial cells and their progeny, and with an antibody to the cell adhesion molecule Fasciclin 3 (Fas3), which labels the IPC and its offspring. We found that the IPC differentially expressed Fas3 from the first instar larval stage onwards ( Fig. 1c-f ). OPC and IPC neuroepithelia are ini tially found in close proximity and increase in size during subsequent larval stages 9 . As progeny arise, the OPC and IPC separate, with the OPC being positioned superficially and the IPC centrally. Consistent with an earlier study 6 , we observed prominent cell streams between two IPC areas ( Fig. 1f) .
Further analysis of third instar larval optic lobes in horizontal and lateral orientations and a threedimensional model revealed that the IPC consists of three domains. We defined these as the proximal, surface and distal IPC (pIPC, sIPC and dIPC; Fig. 1g-l and Supplementary Movie 1). The pIPC and sIPC contained columnar neuroepithelial cells and formed an asymmetric horseshoe close to the central brain. The longer ventral shank of the sIPC extended toward the optic lobe surface and produced lobula neurons in two clusters (Fig. 1g,l and data not shown). The dIPC formed a symmetric horseshoe adjacent to the lamina and OPC crescents. Four main streams of interconnected elongated cells resided between the pIPC and dIPC ( Fig. 1h,k,l) .
Cell streams consist of progenitors
To assess the developmental state of IPC cells, we stained optic lobes with markers for neuroblasts and GMCs. Neuroblasts are known to express the coiledcoil adaptor protein Miranda (Mira) and the bHLH transcrip tion factors Deadpan (Dpn) and Asense (Ase), whereas GMCs express Ase and the homeodomain protein Prospero (Pros) 4 . We detected cells expressing these markers abutting the sIPC, but not in or adjacent to the pIPC. Notably, cell streams did not show any labeling with Dpn, Ase or Pros and displayed very low levels of cytoplasmic Mira ( Fig. 2a-d npg a r t I C l e S suggesting that they consisted of a distinct progenitor type rather than neuroblasts or GMCs. In contrast, Dpn and Miraexpressing neuroblasts were found throughout the dIPC; some neuroblasts also coexpressed Ase ( Fig. 2a,c-g) . The horseshoeshaped dIPC centrally contained neuroblasts and interspersed GMCs, whereas two zones ori ented toward the lamina and the optic lobe surface were enriched in GMCs. In neuroblasts residing in the lower dIPC, the apically localized adaptor protein Inscuteable (Insc) frequently pointed toward the lobula plate cortex, whereas basal Mira and Pros crescents faced the lamina ( Fig. 2e-g) . This suggests that dIPC neuroblasts use oriented asym metric cell divisions at distinct angles to position their progeny. We next used mosaic analysis with a repressible cellular marker (MARCM) 23 for lineage tracing. Clones induced in the pIPC extended into cell streams, confirming that they indeed originated from this neuroepithelium ( Fig. 2h) . Cells in streams and the dIPC expressed the group B Sox domain-containing transcription factor Dichaete ( Fig. 2i) . Given that Dichaete is expressed in medulla neu roblasts 13, 14 , progenitors could be potentially arrested in an interim stage. In parallel, we performed an ethyl methanesulfonate-based forward genetic mosaic screen for determinants controlling OPC and IPC development and identified a mutant allele of the epige netic regulator Polycomblike, which we termed Pcl 3-78*38 (data not shown). Pcl and its vertebrate homolog PHF1 belong to the highly conserved Polycomb group of chromatinmodifying proteins 24 . Notably, Pcl 3-78*38 homozygous mutant progenitors prematurely upregulated Ase in cell streams ( Fig. 2j) . Thus, progenitors have the potential to differentiate into neuroblasts, but are prevented by a mechanism that is sensitive to Pcl loss.
Together, these findings indicate that pIPC neuroepithelial cells give rise to a distinct progenitor population. The organization into cell streams suggests that these progenitors become migratory after leaving the pIPC. They acquire NSC (neuroblast) properties in a second proliferative zone, the dIPC, where they produce GMCs and, ultimately, postmitotic offspring ( Fig. 2k) .
Progenitors leave the p-IPC in an EMT-like process
To delaminate from epithelia and acquire motility, cells in certain developmental contexts undergo EMT 25 . We therefore tested whether IPC progenitors could be generated by such a mechanism. Snail zincfinger transcription factors lie at the core of the genetic programs regulating developmental EMT. They inhibit the expres sion and adhesiveness of Ecadherin (Ecad), inducing the cellular changes associated with the EMT onset 25 . We focused on Esg as one of four known Drosophila Snail family members 26 . esg MH766 -Gal4 and the independent insertion esg-lacZ B7-2-22 showed strong expres sion in cells that were in the process of leaving the pIPC and had entered the cell streams, whereas remaining neuroepithelial cells were unlabeled. In contrast, Ecad levels were substantially lower in cell streams compared with pIPC neuroepithelial cells ( Fig. 3a,  Supplementary Fig. 1a and Supplementary Table 2 ).
To determine whether esg could mediate EMT of cell streams, we com bined ey 3.5 -Gal80, fas3 NP1233 -Gal4 and RNAi transgenes to specifically knockdown Esg expression in the IPC (Fig. 3b-d and Supplementary  Fig. 1b,c) . This caused the formation of ectopic cell clusters adjacent to and continuous with the pIPC neuroepithelium in ~50% of exam ined optic lobes (n = 16 of 30). The partial penetrance of phenotypes is likely a result of incomplete knockdown by RNAi transgenes. Ectopic clusters consisted of closely associated cells that maintained high Ecad levels ( Fig. 3c) . Although primarily four main cell streams emerged from the pIPC in controls, the number of streams detected following knockdown was often reduced from 4 to 3, 2 or 1 (Fig. 3d) . Although not excluding subsequent additional requirements, these data reveal a role for Esg in mediating EMT of cell streams in the IPC.
Progenitors in cell streams are migratory
We next asked whether progenitors indeed migrate. Neural crest cells in the avian trunk are known to emigrate from the neural tube in S phase 27 . We therefore established a pIPC and dIPC cell cycle pro file ( Fig. 3e-g) , using Cyclin B (CycB) and phosphoHistone 3 (PH3) immunolabeling, as well as 5ethynyl2′deoxyuridine (EdU) incorpo ration, to visualize cells in G2, M and S phases, respectively. Although pIPC neuroepithelial cells underwent S phase and proliferated dur ing early larval development ( Supplementary Fig. 1d ), they were in G2 phase in late third instar larvae. Progenitors underwent mitosis shortly after leaving the neuroepithelium, and were in S phase in streams. At the dIPC base, progenitors reentered G2 phase and matured into neuroblasts. These underwent a new round of S phase and mitosis to produce GMCs and postmitotic progeny.
On the basis of these findings, we performed additional pulsechase EdU incorporation assays. Third instar larvae were fed with EdU for 2.5 h, transferred to fresh food and dissected after 0, 1, 2 and 5 h ( Fig. 3h) . We observed that EdU was progressively cleared from progenitors in cell streams while accumulating in the lower dIPC. This indicates that progenitors, which had earlier incorporated EdU, migrated away from the pIPC toward the dIPC ( Fig. 3i-l) . After 5 h, the dIPC core was devoid of labeling, and EdUpositive (EdU + ) cells resided in two adjacent domains. These corresponded to newborn dis tal cells and lobula plate neurons derived from dIPC neuroblasts that had incorporated EdU during feeding ( Fig. 3l) . These findings suggest that the pIPC produces migratory progenitors via a mechanism that shares characteristics with EMT, although it occurs in the brain.
EMT is mediated by Dpp in p-IPC subdomains
Because progenitors emerged specifically from the pIPC, we asked whether EMT could be instructed by spatially controlled signals. We focused on Decapentaplegic (Dpp), as the transforming growth fac tor β (TGFβ) signaling pathway is commonly associated with EMT 28 . A Gal4 enhancer trap insertion reported restricted Dpp expression in npg a r t I C l e S dorsal and ventral pIPC subdomains and in two cell streams originat ing from these areas ( Fig. 4a,b) . Dppexpressing neuroblasts were dis tributed along the inner edge of the dIPC crescent ( Fig. 4c) . Brinker (Brk) and Optomotorblind (Omb) are transcriptional targets of Dpp signaling: brk, encoding a repressor, is downregulated, whereas omb, encoding an activator, is upregulated 29 . We observed that dpppositive neuroepithelial cells and progenitors strongly expressed omb-lacZ in the IPC, wherease brk-lacZ was downregulated ( Fig. 4d-f) , consistent with pathway activation in dppexpressing domains.
To test whether Dpp signaling is required for EMT, we generated mosaic clones of the type I receptor thickveins (tkv) using the ELF system. This approach relies on three transgenes, ey 3.5 -Gal80, lama-Gal4 and UAS-FLP, to generate homozygous mutant somatic clones in the optic lobe while leaving wildtype activity in the eye. Notably, tkv strII mutant neuroepithelial cells formed small ectopic clusters close to the pIPC, consistent with EMT defects ( Fig. 4g-i) . dpp-lacZ expression indicated that these clusters originated from the dpppositive pIPC subdomains ( Fig. 4g) . Failure to repress brk-lacZ ( Fig. 4h ) and upregulate omb-lacZ ( Fig. 4i ) confirmed that clusters arose because of a pathway activation defect. This suggests that cells in ventral and dorsal pIPC subdomains release Dpp and activate signaling in their own expression domain to promote EMT.
Migratory progenitors set up a new proliferative zone
The IPC generates two major neuron populations, distal cells and lobula plate neurons 6 . Using molecular markers, we observed that distal cells expressed Abnormal chemosensory jump 6 (Acj6) and Twin of Eyeless (Toy), and lobula plate neurons expressed Acj6 and i Figure 4 Local Dpp signaling is required for EMT in p-IPC subdomains.
(a-c) dpp-Gal4, UAS-cd8GFP (green) labeled ventral and dorsal subdomains of the p-IPC (asterisks), progenitor cell streams 1 and 4 (arrows), and parts of the central d-IPC. Optic lobes are shown in a horizontal orientation in a ( Fig. 1f) and in a lateral orientation in b (Fig. 1g ) and c (Fig. 1i). (d,e ) dpp-labeled cell streams (arrows) were brinker (brk)-lacZ negative (red, d) and optomotor-blind (omb)-lacZ positive (red, e).
(f) Schematic illustrating dpp, omb and brk marker expression in the IPC.
(g-i) Unlike in wild type (left), in thickveins (tkv strII ) ELF mosaics (right), mutant GFP-negative cells adjacent to p-IPC neuroepithelial cells formed small ectopic clusters that expressed dpp-lacZ (blue, arrowheads, g) and brk-lacZ (blue, arrowheads, h), but not omb-lacZ (blue, arrowheads, i).
Optic lobes were colabeled with E-cad (red, a-c,g-i). For genotypes and sample numbers, see Supplementary Table 1 . Scale bars represent 50 µm. (Fig. 5a,b) . In the ret ina, lamina and medulla, neurons processing information from the posterior eye are born first and innervate posterior neuropil areas, whereas neurons processing increasingly anterior visual input are born later and innervate anterior neuropil areas 6 . A temporal neurogen esis gradient is therefore used for anteriorposterior retinotopic map formation in these ganglia 30 . Thus, we assessed a potential correla tion between birth order and positions of neuron cell bodies and their projections in dIPC progeny. The distribution of EdUlabeled cells 5 h after larval feeding (Fig. 5c) , as well as MARCM lineage analysis ( Fig. 5e-k) , revealed that newborn distal cells were situated between the lamina and dIPC and older progeny were present in a layer above lobula plate neurons ( Fig. 5d-g) . Young lobula plate neurons formed columns closest to the dIPC on the opposite side, whereas older neurons were displaced centrally ( Fig. 5d,e,h-k) . In both neuron populations, somata of the youngest neurons resided next to the dIPC and extended neurites into the most anterior part of the proxi mal medulla or lobula complex neuropils. In contrast, somata of older neurons were located in areas distant from the dIPC and extended axons to posterior neuropil sections. Somata and projections of intermediateaged neurons adopted interim positions. Thus, relative to medulla neurons generated by the medial OPC, the dIPC pro duces progeny in matching spatial and birthorder patterns. Given that the OPC is located superficially and the pIPC centrally, this sug gests that migratory progenitors help to generate a new proliferative niche, resulting in similar positions for dIPC and OPC neuroblasts.
d-IPC neuroblasts transit through two stages Do progenitors mature into two distinct neuroblast populations or one population that undergoes a switch in competence? To address this question, we examined the expression patterns of candidate transcription factors, beginning with the proneural proteins Lethal of Scute (L'sc), Ase and Atonal (Ato). In the medial OPC, L'sc is tran siently expressed in neuroepithelial cells that transform into neuro blasts and mediates the timely onset of neuroblast formation 10, 11 . Unexpectedly, neuroepithelial cells at the inner pIPC crescent edge expressed L'sc despite converting into migratory progenitors and not neuroblasts ( Fig. 6a) . Although used as a general marker for com mitted neural precursors 31 , Ase was restricted to Dpn + neuroblasts and GMCs in the lower dIPC. Extending previous reports 18, 32 , we observed transient Ato expression in upper dIPC neuroblasts. These also costained with Dac, whose expression persisted in lobula plate neurons (Fig. 6b,c) . Dichaete and the orphan nuclear receptor Tailless (Tll) define the last two stages in the OPCspecific temporal cascade 13, 14 . We detected Dichaete in progenitors and Ase + neuroblasts in the lower dIPC, and Tll in pIPC neuroepithelial cells and upper dIPC neuroblasts, as they began to downregulate Ase and Dichaete and upregulate Ato and Dac (Fig. 6d-f ). Tll was also expressed in Ase + GMCs and transiently expressed in their progeny and the youngest lobula plate neurons (Fig. 6f) .
To assess whether neuroblasts switch from generating distal cells in the lower dIPC to lobula plate neurons in the upper dIPC, we exam ined configurations of young wildtype MARCM clones (Fig. 6g,h) . Clones in the lower dIPC (n = 2) showed neuroblasts generating GMCs toward the lamina, and thus the area where young distal cells were detected ( Figs. 5b and 6g) . In other clones (n = 6), both neuron populations were labeled and Ase − neuroblasts were associated with newborn lobula plate neurons ( Fig. 6h) , suggesting that, after gen erating distal cells, neuroblasts produced lobula plate neurons. GFP driven by dpp-Gal4 in a neuroblast subset persisted in both neuron Supplementary Table 1 . Scale bars represent 50 µm. npg a r t I C l e S populations in a similar configuration as that observed with MARCM clones (Fig. 6i) . Together, these findings support the notion that dIPC neuroblasts transit through two main stages, which are character ized by Ase and Ato/Dac expression, and correlate with the generation of distal cells and lobula plate neurons at defined positions (Fig. 6j) .
L'sc and Ase control neuroblast supply and maturation
To determine the requirement of l'sc, we used two validated RNAi transgenes for IPCspecific knockdown ( Fig. 7 and Supplementary  Fig. 2a-g) . Because l'sc is essential for embryonic optic placode development 33 , transgene expression was kept low by raising ani mals at 18 °C to bypass early defects in neuroepithelium formation. Controls were maintained at this temperature and experimental ani mals were shifted to 29 °C from the early third instar larval stage until dissection at the wandering stage 48 h later. Under these conditions, l'sc knockdown did not affect pIPC or cell stream formation ( Supplementary Fig. 2h-k) . dIPC neuroblasts expressed Ase and Ato, and their progeny expressed Toy and Dac (Fig. 7a-f) , suggest ing that neuroblasts were able to transit through the two stages and generate offspring. However, the number of Dpn + neuroblasts was substantially reduced, and both Ase + and Ato + neuroblasts and their progeny were affected ( Fig. 7a-f,p) . Moreover, ~30% fewer progen itors per optic lobe underwent mitosis at the base of cell streams (Fig. 7g-i) . This suggests that l'sc could regulate the supply of progeni tors that mature into dIPC neuroblasts (Fig. 7r) .
We next examined optic lobes of larvae that were hemizygous for ase 1 , a viable lossoffunction deletion 34 . Compared with controls, ~45% fewere dIPC neuroblasts solely expressed Dpn, whereas the number of neuroblasts labeled with Dpn and Ato was only marginally reduced ( Fig. 7j,k,q) . Consistently, ase loss strongly affected the gen eration of Toy + distal cells and mildly affected that of Dac + progeny (Fig. 7l,m,q) . Dichaete and Tll were expressed normally (Fig. 7n,o) , Supplementary Table 1 . Scale bars represent 50 µm. npg a r t I C l e S confirming that progenitors with the poten tial to become neuroblasts were present. Thus, progenitors require ase to mature into Dpn + neuroblasts and to generate distal cells (Fig. 7r) . However, dIPC neuroblasts do not need to pass through the Ase + stage to express Ato and to produce lobula plate neurons.
Dichaete and Tll control the transition between neuroblast stages Finally, we asked whether Dichaete and Tll could promote the switch to the second neuroblast stage. When knocking down Dichaete in the IPC using two validated RNAi transgenes, Dpn + , Ase + neuroblasts were generated (Fig. 8a,b and Supplementary Fig. 3) . Moreover, in the superficial cell body layer, progeny expressed Toy, indicating that Dichaete is not required for distal cell specification (Fig. 8c,d) . However, Ato + , Dac + neuroblasts failed to form and lobula plate neurons were absent. As a result, remaining neuroblasts in the dIPC were no longer arranged in a crescent, but instead formed a disk (Fig. 8a-f) . We next examined the crossregulatory interactions between Dichaete and tll. When knocking down Dichaete, neuroblasts and their progeny lacked Tll expression ( Fig. 8g,h) . Given that Tll is involved early on in pIPC formation, we used neuralized-Gal4 (neur-Gal4) to express a validated RNAi transgene in the dIPC (Supplementary Fig. 4) . tll knockdown expanded the Dichaete + and Ase + expression domain ( Fig. 8i-l) . The numbers of Ato + neurob lasts, and consistently of Dac + neuroblasts and lobula plate neurons, were severely reduced (Fig. 8m,n) . Their formation was likely not fully abolished because of incomplete knockdown ( Supplementary  Fig. 4d ). dIPC neuroblasts in ato 1 homozygous mutants continued to express Dac, whereas mutant neuroblasts in dac 1 ELF mosaics maintained Ato, indicating that Ato and Dac are not epistatic to each other (Fig. 8o-q) . Loss of ato also did not alter the extent of Ase expression. Thus, Dichaete is required to upregulate tll, and tll is required to repress Dichaete and ase. Their crossregulatory relationship was essential for neuroblasts to switch from Ase to Ato and Dac expression and thus the formation of two distinct neuron populations (Supplementary Fig. 5 ).
DISCUSSION
Recent studies have distinguished three neurogenesis modes in the Drosophila CNS 4 . First, type I neuroblasts arise from neuroepithelia and generate GMCs, which produce neuronal and glial progeny. Second, Dpn + type II neuroblasts in the dorsomedial central brain go through a transitamplifying Dpn + , Ase + population, called intermediate neu ral precursors, which generate GMCs and postmitotic offspring [35] [36] [37] . Third, lateral OPC neuroepithelial cells bypass the neuroblast stage and generate LPCs that divide once to produce lamina neurons 15 . Our results provide evidence for a fourth strategy: pIPC neuroepithelial cells give rise to progenitors that migrate to a second neurogenic domain, where they mature into type I neuroblasts. These progenitors are distinct, as they originate from the neuroepithelium, do not express markers for neuroblasts, intermediate neural precursors, GMCs or postmitotic neurons, and acquire NSC properties after completing their migration.
Migratory progenitors arise from the pIPC by a mechanism that shares cellular and molecular characteristics with EMT. On the basis of data on gastrulation and neural crest formation, EMT is commonly associated with cells adopting a mesenchymal state, enabling them to leave their epithelial tissue and migrate through the extracellular matrix to new locations 38 . A recent study also reported an EMTlike process in the mammalian neocortex, whereby newborn neurons and inter mediate progenitors delaminate from the ventricular neuroepithelium Supplementary Table 1 . Scale bars represent 50 µm. npg a r t I C l e S and radially migrate to the pial surface 39 . We observed that neu roepithelial cells at the pIPC margins and migratory progenitors upregulated the Snail homolog Esg, whereas Ecad levels were decreased. Moreover, esg knockdown caused the formation of ectopic Ecad-expressing clusters adjacent to the pIPC. Although this is a previously uncharacterized role of Drosophila esg, our findings are consistent with the requirement of two Snail transcription factors, Scratch1 and 2, and downregulation of Ecad in cortical EMT 39 .
Although TGFβ signaling is well known to induce EMT 25 , it was unclear whether it could have such a role in the brain. Two lines of evidence are consistent with a requirement of the Drosophila fam ily member Dpp. First, it is expressed and downstream signaling is activated in dorsal and ventral pIPC subdomains and emerging cell streams. Second, tkv mutant cells form small neuroepithelial clusters in pIPC vicinity. Similar to the neural crest, where distinct molecular cascades control delamination in the head and trunk 40 , region specific regulators may also be required in pIPC subdomains. Because neuroblasts derived from Dppdependent cell streams map to defined areas in the dIPC, this pathway could potentially couple EMT and neuron subtype specification.
Cell migration is an essential feature of vertebrate brain develop ment. Commonly, postmitotic immature neurons migrate from their proliferation zones to distant regions, where they further differentiate and integrate into local circuits. Examples include the radial migra tion of projection neurons and tangential migration of interneurons in the embryonic cortex, as well as migration of interneuron precur sors in the rostral migratory stream to the olfactory bulb in adults 5 . In contrast, IPC progenitors develop into NSCs (neuroblasts) after they migrated. A recent study found that NSCs relocating from the embryonic ventral hippocampus to the dentate gyrus act as source for adult NSCs in the subgranular zone 41 . In addition, cerebellar granule cell precursors migrate from the rhombic lip to the external granule layer, where they proliferate during early postnatal development 42 . The migration of neural cell types that become proliferative in a new niche could therefore constitute a more general strategy. IPC progenitors form streams of elongated, closely associated cells. Despite their dif ferent developmental state, their organization is notably similar to the neuronal chain network in the lateral walls of the subventricular zone and the rostral migratory stream in mammals 43, 44 , or of migratory trunk neural crest cells in chick 40 . Further studies will need to identify the determinants directing migratory progenitors into the dIPC.
Several constraints could shape a neurogenesis mode that requires migratory progenitors in the larval optic lobe. The OPC is located superficially and the IPC is positioned centrally. If medulla and lobula neurons arose by neuroepithelial duplications, these new populations would need to be integrated into an ancestral visual circuit consisting of lamina and lobula plate neurons 22 . Cellular migration may therefore be a derived feature and serve as an essential spatial adjustment of the IPC to the newly added medulla. In principle, the migratory population could consist of immature neurons. However, migratory progenitors help to establish a new superficial proliferative niche, and to align OPC and dIPC neuroblast positions. This in turn enables the OPC and IPC to use spatially matching birth order-driven neurogenesis patterns for establishing functionally coherent connections across ganglia.
IPC progenitors were primed to mature into neuroblasts, but were prevented to do so in cell streams. Consistently, progenitors showed weak cytoplasmic Mira expression and prematurely differentiated into neuroblasts following loss of Pcl. Although Dichaete has been shown to repress ase to maintain embryonic neuroectodermal cells in an undifferentiated state 45 , we did not identify such a role in the IPC. Future studies are therefore required to distinguish whether this block in neuroblast maturation is released in the dIPC by cellintrinsic mechanisms or locally acting signals.
The pIPC and dIPC consecutively expressed three proneural fac tors. esgpositive pIPC neuroepithelial cells transiently expressed L'sc as they converted into progenitors. Following arrival in the dIPC, progenitors matured into neuroblasts, which switched bHLH protein expression from Ase to Ato. This correlated with a change in cell divi sion orientations from toward the lamina to the optic lobe surface and the generation of two lineages, distal cells and lobula plate neurons. The progression of neuroblasts through two stages is supported by the observations that progenitors solely entered the lower dIPC, all neuroblasts were labeled with Ase in this area, and dpp reporter gene expression in a progenitor subset persisted in both lower and upper dIPC neuroblasts and their progeny.
Late l'sc knockdown reduced the number of dIPC neuroblasts and both neuron classes, whereas pIPC formation and EMT of progenitors appeared to be unaffected. This supports the idea that l'sc promotes neuroblast formation by controlling the rate of conversion and the progenitor supply. In contrast, ase loss severely decreased the amount of lower dIPC neuroblasts and distal cells. This revealed a central role in the maturation of progenitors into neuroblasts, endowing them with the potential to proliferate and generate a specific lineage. Although these functions are the opposite of those observed in the OPC 46 , they align with the role of a murine Ase homolog, Achaete scute homolog 1 (Ascl1), in the embryonic telencephalon 47 . To the best of our knowledge, Ase − neuroblasts with type I proliferation pat terns have not previously been described. Further underscoring the contextdependent activities of proneural bHLH factors 48 , ato does not have the equivalent role of ase in conferring neurogenic properties to upper dIPC neuroblasts, but acts upstream of differentiation programs controlling the projections of lobula plate neurons 18 .
Although Ase and Ato each regulated distinct aspects of dIPC development, they were not required for either the transition or the extent of their expression domains. These functions were fulfilled by Dichaete and tll, whose crossregulatory interactions were essential for the transition from Ase + to Ato + , Dac + expression. To link birth order and fate, temporal identity transcription factors are sequentially expressed by neuroblasts and inherited by GMCs and their progeny born during a given developmental window 49 . Acting as the final two members of the OPCspecific series of temporal identity factors, Dichaete is required for Tll expression, whereas tll is sufficient, but not required, to inhibit Dichaete 13 . Although OPC and dIPC neuroblasts shared the sequential expression of Dichaete and Tll, key differences include the fact that dIPC progeny did not maintain Dichaete, that Tll was transiently expressed in newborn progeny of the upper dIPC and was not maintained in older lineages, that Dichaete in the lower dIPC was not required in its own expression domain for neurogen esis, and that Dichaete was required to activate tll, and tll to repress Dichaete and ase, as well as to independently upregulate Ato and Dac. Although the mechanisms that trigger the timing of the switch require further analysis, these observations support the notion that, in the dIPC, Dichaete and tll do not function as temporal identity factors, but as switching factors between two sequential neuroblast stages. The vertebrate homologs of Dichaete and tll, Sox2 and Tlx, are essential for adult NSC maintenance and Sox2 positively regulates Tlx expres sion 50 , suggesting that core regulatory interactions between Dichaete and tll family members may be conserved.
Our studies uncovered molecular signatures for generating a migra tory neural population by EMT and subsequent NSC development that are in part shared between the fly optic lobe and vertebrate corti cal neurogenesis. The unexpected parallels suggest that ancestral gene npg a r t I C l e S regulatory cassettes imparting specific cellular properties may have been reemployed during vertebrate brain development. Analysis of pIPC and dIPC neurogenesis in the Drosophila optic lobe therefore opens new possibilities for systematically identifying genes regulating EMT, cell migration and sequential NSC specification.
METHODS
Methods and any associated references are available in the online version of the paper. In the version of this article initially published, there were misworded sentences in the abstract and introduction and formatting errors in the genotypes in the Online Methods. The abstract referred to "neural stem cells and neuroblasts" where it should have read "neural stem cells (neuroblasts). " The fourth paragraph began, "The IPC produces a larval neuron population known as the distal cells, whose neurites in the adult extend into either the medulla and lobula or the medulla and lamina, lobula plate neurons, whose neurites connect the lobula plate with the medulla or lobula, and lobula neurons. " The corrected sentence reads, "The IPC produces three populations: first, a larval neuron population known as the distal cells, whose neurites in the adult extend into either the medulla and lobula or the medulla and lamina; second, lobula plate neurons, whose neurites connect the lobula plate with the medulla or lobula; and third, lobula neurons. " In the Online Methods, first paragraph, the following should have been superscripted: x in brkx 47 in all three instances, strII in tkvstrII in item (5) of the second numbered list, 1 in "dac1 from F. Pignoni", IR KK100642 in UAS-fas3IR KK100642, and IR KK104691 in UAS-l′scIR KK104691. The following should not have been subscripted: sc in UAS-l′ sc IR TRiP.JF02399 . The errors have been corrected in the HTML and PDF versions of the article.
